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Dredd, a Novel Effector of the Apoptosis Activators
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Caspases are widely conserved proteases considered to be essential effectors of apoptosis. We identified a novel
Drosophila gene, dredd, which shares extensive homology to all members of the caspase gene family. Cells specified
for programmed death in development exhibit a striking accumulation of dredd RNA that requires signaling by the
death activators REAPER, GRIM, and HID. Furthermore, directed misexpression of each activator was sufficient to
drive ectopic accumulation of dredd RNA. Heterozygosity at the dredd locus suppressed apoptosis in transgenic
models of reaper- and grim-induced cell killing, demonstrating that levels of dredd product can modulate signaling
triggered by these death activators. Finally, expression of REAPER, GRIM, and HID was found to trigger processing of
DREDD protein precursor through a mechanism that is insensitive to, and upstream of, known caspase inhibitors.
Taken together, these observations establish mechanistic connections between activators of apoptosis and a new
downstream death effector in Drosophila. © 1998 Academic Press
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INTRODUCTION
Molecular genetic studies of programmed cell death
(PCD) in Drosophila melanogaster have led to the identifi-
cation of three important activators of apoptosis in this
organism (Chen et al., 1996b; Grether et al., 1995; White et
al., 1994). Genes encoding these PCD activators, reaper
(rpr), grim, and head involution defective (hid), are linked
within a ;300-kb interval on the third chromosome re-
ferred to as the H99 region (reviewed in Abrams, 1996;
Rodriguez et al., 1998). Embryos that bear homozygous
deletions of all three genes exhibit complete failures of PCD
while pronounced, but less severe cell-death-defective phe-
notypes occur when either two or one of these genes is
mutated (Chen et al., 1996b; Grether et al., 1995; White et
al., 1994; Zhou et al., 1997). Generally, expression of these
activators precedes the onset of naturally occurring PCD,
and one of these (rpr) has also been shown to anticipate
apoptosis in pathologic contexts (Nordstrom et al., 1996).
Caspases are believed to be universal effectors of apopto-
tic circuits throughout the animal kingdom (Alnemri, 1997;
Chinnaiyan and Dixit, 1996; Kumar, 1995; Nicholson,
1996). Members of this family are synthesized as proen-
zymes consisting of a prodomain, a large subunit, and a
small subunit. During apoptosis, caspase precursors are
processed to their active mature form by proteolytic cleav-
age at Asp-X sites. Many cellular proteins, including some
caspases themselves, are substrates for these enzymes sug-
gesting a role for complex networks or cascades of caspase
activation during apoptosis (reviewed in Alnemri, 1997;
Cohen, 1997; Nicholson and Thornberry, 1997).
Numerous lines of evidence establish that caspase gene
function is required for PCD in Drosophila (Fraser et al.,
1997; Hay et al., 1994; Kondo et al., 1997). In transgenic fly
strains and cell culture models, coexpression of p35, a viral
caspase inhibitor (Bump et al., 1995; Xue and Horvitz,
1995), or the introduction of caspase inhibitor peptides can
abolish apoptosis provoked by the Drosophila death activa-
tors rpr, hid, and grim (Chen et al., 1996b; Grether et al.,
1995; Nordstrom et al., 1996; Pronk et al., 1996; White et
al., 1996). Prevention of apoptosis in these contexts not
only highlights the importance of caspase function, but also
suggests a molecular order whereby rpr, hid, and grim
operate through caspases to elicit the death of a cell.
Therefore, in Drosophila, as is the case in vertebrate sys-
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tems, multiple apoptotic activators are believed to engage a
common set of caspase effectors. However, the mecha-
nism(s) by which the activators engage these downstream
functions is currently obscure.
In a search for Drosophila members of the caspase gene
family, we identified a new gene, dredd, which encodes a
putative caspase. The locus produces alternatively spliced
transcripts encoding proteins that resemble long prodomain-
containing Group III caspases (Nicholson and Thornberry,
1997). In genetic studies, we found that rpr- and grim-
induced cell killing was markedly suppressed by heterozy-
gosity at dredd, thus underscoring the importance of this
locus during programmed cell death. Moreover, dredd RNA
accumulated specifically within apoptotic cells in a manner
that absolutely depends upon H99-associated functions (rpr,
grim, and hid). Furthermore, ectopic expression of either
rpr, grim, or hid independently triggered apoptogenic accu-
mulation of dredd mRNA. Finally, we also observed that
signaling by the apoptosis activators rpr, grim, and hid
initiates DREDD processing through a mechanism that is
insensitive to caspase inhibitors. Together, these observa-
tions argue that both the mRNA and the enzyme encoded
by the dredd locus are distinct effectors of the death
activators (RPR, GRIM, and HID). Moreover, they implicate
a novel mechanism for the initiation and amplification of
caspase activity, whereby an apoptotic signal provokes both
the accumulation of caspase transcripts and activational
processing of the corresponding zymogen in cells that have
been specified to die.
MATERIALS AND METHODS
Cloning of dredd cDNAs
Oligos corresponding to the dredd region were used to perform
standard PCR from yw genomic DNA. Two forward primers
encoding AGIALIINQQ (59-CGC AGG AAT CGC CTT GAT TAT
CAA CCA GCA-39) and PKLLIIQACQ (59-CCG AAG TTG CTA
ATC ATA CAA GCC TGC C-39), respectively, and a reverse primer
corresponding to STVNGYAALR (59-CGC AGA GCA GCA TAT
CCA TTT ACC GTG GAC-39) resulted in 700- and 250-bp PCR
products. Sequences within the region of overlap between the two
fragments were identical. The 700-bp fragment was used to screen
an embryonic cDNA library in lgt10 (Poole et al., 1985). Ten clones
with two classes of insert size (;1.6/1.7 kb) were isolated from
;500,000 clones screened. These inserts were subcloned into the
EcoRI site of pBluescript KS2, and three splice variants were
identified after sequence analyses. The 1.6-kb insert is assigned as
a-form; both b- and g-forms are about 1.7 kb.
Genomic DNA PCR
DNA was obtained from Canton S adult flies as in Ashburner
(1989) and used as a template for PCR. The direction of transcrip-
tion for RpL36 was determined by PCR using several sets of
primers specific to RpL36 and l(1)1Bi. The distance between dredd
and su(s) was determined from sequence analysis of a genomic PCR
fragment obtained using the Dr1 (59-GTCACGTTCCACGTAG-
ATCAG-39) and SU4 (59-TCGGATGTCAGCG AGTGCAAT-39)
primers from sequences in the 59 region of dredd and su(s),
respectively.
Northern Blot Hybridization, RT-PCR,
and 5* RACE
Total RNA from staged yw embryos and Schneider L2
cells were isolated (Chirgwin et al., 1979) and processed for
Northern blot analyses (Maniatis et al., 1989). dredd-b
cDNA was used to prepare the probe using the DECAprime
II DNA labeling kit (Ambion, TX).
For RT-PCR, mRNA was isolated from staged yw em-
bryos (0–4, 11–15, and 0–16) and sorted homozygous H99
embryos using a QuickPrep Micro mRNA purification kit
(Pharmacia, NJ). The first-strand cDNA was generated with
a First-Strand cDNA synthesis kit (Pharmacia, NJ) by ran-
dom priming. Subsequent PCR were performed by standard
procedures. Two primers spanning the second intron (for-
ward primer, 59-CGCAGGAATCGC CTTGATTATCAAC-
CAGCA-39; and reverse primer, 59-TATCCACATCCG
TGCCA-39) were used to probe the expression of splicing
variants corresponding to dredd-a (or d), -b, and -g in wild-
type and H99 embryos.
59 RACE was performed using the 59 RACE System
(GibcoBRL, MD) from 0- to 16-h yw embryonic mRNA
according to the manufacturer’s instructions. Two gene-
specific primers (GSP) (59-ATCCGATTCAATCTCTTGC-
TTGA-39 and 59-CTGGTTGATAATCAAGGCGATT-39)
were used for the first-strand cDNA synthesis. They gave
essentially the same results in subsequent PCR. The gene-
specific primers were chosen so that the a and any other
form initiated more upstream could be detected. After
tailing, two rounds of PCR were performed on each first-
strand reaction with a nested GSP2 primer (59-CCGGAG-
CGTTACTAATGATGG-39) and two GSP3 primers (GSP3-1,
59-AGC AGCTGAACATCGCT-39; and GSP3-2, 59-TTC-
AACAGAGGATGGAC-39). In principle, GSP3-1 should
detect all variants including the a form, while GSP3-2 will
only detect the longer forms. The PCR products were then
cloned into pCR-Script SK1 using a pCR-Script Amp SK(1)
cloning kit from Stratagene and subsequently sequenced.
Plasmid Construction
Most forms of pMT-dredd were obtained by inserting PCR-
generated fragments into the pRmHa.3 (pMT) vector (Bunch et al.,
1988). Specifically, pMT-dredd-a, pMT-dredd-b, and pMT-dredd-g
were generated by inserting the EcoRI fragments from the cDNA
phage clones into the EcoRI site of pRmHa.3. pMT-FLAG-dredd-
a-myc was constructed by inserting an EcoRI/BamHI-digested PCR
fragment into EcoRI/BamHI-digested pMT-myc (Kramer and Ph-
istry, 1996). The template is pMT-dredd-a and the primer pairs
used for PCR are as follows: 59 primer dreddFLAG1 (59-GGA ATT
CAT ATG GAC TAC AAA GAC GAT GAC GAC AAG CTT ATG
TGT GAG GAG TTG TCG TTG-39) and 39 primer dreddCBam
(59-CGG GAT CCA GAC GAG GTG GAA AGT A-39). pMT-
FLAG-dredd-a(D1-120)-myc was constructed using the same strat-
egy, template, and 39 primer as pMT-FLAG-dredd-a-myc. The 59
primer used was 59-GGA ATT CAT ATG GAC TAC AAA GAC
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GAT GAC GAC AAG GCT CTT AAG TTG ACC CGG GAG-39.
The large HindIII/BglII fragment of pMT-FLAG-dredd-a-myc is li-
gated to the small HindIII/BglII fragment of pMT-dredd-b to generate
pMT-dredd-d-myc. pMT-T7tag-dredd-g-His6 and pMT-T7tag-dredd-
d-His6 were generated by ligating EcoRI/BamHI-digested PCR frag-
ments, using pMT-dredd-g or pMT-dredd-d-myc as template, into
EcoRI/BamHI-digested pRmHa.3. The 59 primer was T7tag-dredd
(59-GGA ATT CGG TAC CAT GGC TAG CAT GAC CGG TGG
ACA GCA AAT GGG TAT GGC CGG ATC AAA-39), and the 39
primer was dredd1.7-his-R (59-CGG GAT CCT AAT GAT GAT GAT
GAT GAT GCA GAC GAG GTG GAA AGT A-39).
Bacterial expression constructs in the pT7-7 vector were as
follows. pT7-FLAG-dredd-a-myc and pT7-FLAG-dredd-a(D1-120)-
myc were constructed by subcloning the small NdeI/PacI (blunt)
fragments from pMT-FLAG-dredd-a-myc or pMT-FLAG-dredd-
a(D1-120)-myc into BamHI (Klenow)/NdeI-treated Escherichia coli
expression vector pT7-7. pT7-dredd-g-His6 and pT7-dredd-d-His6
were constructed by inserting NdeI/BamHI-digested PCR products,
using pMT-T7tag-dredd-g-His6 or pMT-T7tag-dredd-d-His6 as tem-
plate, into NdeI/BamHI-digested pT7-7. The 59 primer used was
dreddFL1.7-F (59-GGG GTA CCC ATA TGG CCG GAT CAA ACC
TG-39), and the 39 primer was dredd1.7-his-R (see above).
Transfection and Western Analysis
Transient transfections and Western blot analysis were done as
described (Chen et al., 1996a,b). To test the apoptotic function of
different dredd constructs, pMT-dredd-a, pMT-dredd-b, pMT-
dredd-g, and pMT-dredd-d-myc were transfected into SL2 cells
individually, pairwise (1:1), or in triple combination (1:1:1). pMT-
FLAG-dredd-a(D1-120)-myc and pMT-FLAG-dredd-a-myc were
also tested instead of pMT-dredd-a. In addition, pMT-T7tag-dredd-
g-His6 and pMT-T7tag-dredd-d-His6 were checked in the same
combinations instead of pMT-dredd-g or pMT-dredd-d-myc. When
tagged versions of DREDD constructs were used, the DREDD
protein expression levels were examined by Western blot analysis.
Anti-T7 tag antibody is from Novagen, Wisconsin, and anti-polyhis
was obtained from Invitrogen Corp., California. The peptide inhibi-
tors were purchased from Enzyme System.
Preparation of Bacterial Lysates Expressing
DREDD and Protease Assays
Bacterial lysates expressing different forms of recombinant
DREDD proteins were essentially prepared as described (Xue et al.,
1996) using E. coli BL21(DE3)/plysS and pT7-dredd constructs.
Briefly, 50 ml LB supplemented with 25 mg/ml chloramphenicol
and 50 mg/ml ampicillin was inoculated with 2.5 ml overnight
culture. Once OD600 nm reached 0.8, IPTG was added to induce
high-level expression of DREDD. The culture was then shifted to
room temperature and grown for 2 h before harvest. The resulting
pellet was resuspended in 1 ml cold protease assay buffer (25 mM
Hepes–KOH, pH 7.5 or pH 6.8, 10 mM KCl, 1.5 mM MgCl2, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 5% glycerol, supplemented with
5 mg/ml pepstatin, 10 mg/ml leupeptin, 2 mg/ml aprotinin, and 0.1
mM PMSF), sonicated, and spun at 14,000g for 10 min at 4°C. The
supernatant (bacterial lysate) was transferred to a fresh tube and
used for the protease activity assays.
In vitro protease assays were performed as described (Xue et al.,
1996). For the cleavage of Ac-DEVD-pNA (obtained from Calbio-
chem, CA), each bacterial lysate was diluted fivefold in protease
assay buffer and incubated with 0.1 mM Ac-DEVD-pNA, and
OD410 nm was monitored. PARP and anti-PARP monoclonal anti-
body (C-2-10) were purchased from Biomol Research Lab, Inc.,
Pennsylvania. Purified catalytic subunit of DNA-PK and anti-
DNA-PK antibody were gifts from the Gaynor Lab (UTSW). p35 and
lamin DmO used in cleavage assays were synthesized and labeled
using the TNT-coupled lysate system (Promega Corp., MI). cDNAs
encoding P35 and lamin DmO were kindly provided to us by P.
Friesen and Y. Gruenbaum, respectively. We incubated 200 ng
PARP or DNA-PK or 1 ml of the in vitro translated substrates with
5 ml of appropriately diluted bacterial lysates and brought up to a
final volume of 20 ml with protease assay buffer. These reactions
were carried out at room temperature or 30°C for 1 h, then
terminated by adding an equal volume of 23 SDS gel-loading buffer
and resolved by SDS–PAGE. PARP was detected by Western blot
analysis using anti-PARP monoclonal antibody (C-2-10), and the
other labeled substrates were visualized by autoradiography. As a
control, S-100 cytosols were prepared in protease assay buffer from
SL2 cells and RPR- or GRIM-expressing cells according to Yang et
al. (1997). The cleavage reactions were the same as the above
except the 5 ml bacterial lysate was substituted with 16 ml S-100
cytosol. All the above substrates could be cleaved by S-100 from
RPR- or GRIM-expressing cells.
Fly Strains and Embryo Collections
The P[UAS-rpr] and P[UAS-hid] strains are described in Zhou et
al. (1997). The P[UAS-grim] strain was obtained from J. R. Nambu.
P[24B-Gal4] has a third chromosome insertion that drives Gal4
expression in the mesoderm and embryonic muscle (Brand and
Perrimon, 1993). The P[24B-Gal4] and P[1-76-D] strains were ob-
tained from the Bloomington stock center. The P[GMR-rpr] strain
was described in White et al. (1996). P[GMR-hid] and P[GMR-grim]
are described in Grether et al. (1995) and Chen et al. (1996b),
respectively. The Df(1)R194 strain has a small deletion that re-
moves RpL36, l(1)1Bi, dredd, and su(s) (Duffy et al., 1996). All flies
were raised at 25°C on standard media. Embryos were collected on
apple juice agar plates and staged according to Campos-Ortega and
Hartenstein (1997).
Fly Transformations
A BamHI genomic fragment containing dredd and several kilo-
bases upstream and downstream of flanking sequence was isolated
from the 57F12 cosmid (Siden-Kiamos et al., 1990) and ligated into
BamHI-cut pCaSpeR (Pirrotta, 1988), creating pP[dredd1]. Flies
bearing this construct were generated by P-element-mediated germ-
line transformation (Spradling and Rubin, 1982). One P[dredd1]
insertion that mapped to the first chromosome was recombined
with Df(1)R194 and analyzed for suppression of induced cell
killing.
In Situ Hybridizations
Whole-mount embryo in situ hybridization assays were con-
ducted as previously reported with the use of digoxigenin-labeled
antisense DNA probes (Lehmann and Tautz, 1994). Ovary in situ
hybridizations were performed according to Christerson and McK-
earin (1994). For the majority of experiments shown the probes
were made as follows: dredd-b was used as template in a standard
PCR using the primers 59-CTGATCTACGTGGA ACGTGAC-39
and 59-CGCAGAGCAGCATATCCATTTACCGTGGACA-39. The
resulting PCR product was gel isolated (Qiagen) and assymetric
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PCR was undertaken with one primer (59-ATGTGATCCACG-
TTGTCGTAC-39) to generate single-stranded antisense dig probes
(Lehmann and Tautz, 1994). Notice that the antisense probe consists
of the prodomain encoding region. In addition, two small antisense
probes specific to the prodomain and also a probe specific to the
full-length form yielded the same results. Embryos were mounted in
60% glycerol and photographed with a Nikon Eclipse TE 300, and
images were captured using Adobe Photoshop software.
RESULTS
Molecular Characterization of dredd
A Drosophila member of the caspase gene family was
identified using Ced-3 in a TBLASTN Genbank database
search. This gene was found to be coded by sequences at the
39 end of l(1)1Bi (Accession No. U20542) and was assigned
the name dredd (death-related ced-3/Nedd2-like gene).
dredd maps near the tip of the first chromosome, at 1B13,
between su(s) and l(1)1Bi and close to the RpL36 gene,
formerly M(1)1B (Fig. 1A). The dredd locus is adjacent to
l(1)1Bi and not the RpL36 gene as previously reported
(Voelker et al., 1989). The original genomic map was
essentially correct except for a misassignment of the l(1)1Bi
and RpL36 transcripts. The revised gene order, the distance
between dredd and su(s), and the orientation of RpL36 were
determined by genomic PCR (see Materials and Methods).
A genomic PCR probe was used to isolate 10 cross-
reacting clones from an embryonic cDNA library. Northern
blot hybridizations with one of these (see Materials and
Methods) detected a doublet of RNAs at 1.6/1.7 kb in
samples derived from early embryos (aged 0–7 h), midstaged
embryos (7–14 h), and Schneider L2 cells (data not shown).
These signals probably correspond to the anonymous tran-
script doublet reported during an examination of the su(s)
region (Chang et al., 1986).
Our collection of dredd cDNAs identified three alternate
splice variants (Fig. 1A), two of which encode a relatively
long prodomain and another that possibly utilizes an inter-
nal translation start truncating much of the prodomain.
The dredd-a and -g isoforms process intron II at different
splice donor sites and thus differ by six amino acids at this
position. However, this intron is retained in the b variant
and, as a result, the b transcript includes a premature stop
codon that separates the prodomain from the rest of the
enzymatic open reading frame (ORF). In principle, the b
splice form could lead to an interrupted translation product
producing only the prodomain, or, alternatively, translation
starting at an internal AUG could produce a polypeptide
including the large and small subunits but lacking much of
the prodomain.
To further characterize individual transcription units
from the dredd locus, we performed 59 RACE and RT-PCR
analyses. Determinations of the transcription initiation site
(see Materials and Methods) suggest uniform utilization of
a single 59 start. No evidence for 59 termini corresponding to
the a form was detected, suggesting either low expression of
this isoform or that it represents truncated versions of d
type transcripts. Uniformity of 39 ends of several a, b, and g
cDNA clones suggests that most if not all the diversity
associated with dredd RNAs arises from alternate process-
ing of the second intron. RT-PCR analyses using primers
spanning intron II and several independent sources of em-
bryonic RNAs detected products diagnostic for the b and d
variants. However, these assays did not detect the g iso-
form, suggesting that this variant might be expressed at
other developmental stages or below the limits of detection.
The deduced amino acid sequences of DREDD isoforms
(Fig. 1B) and alignments with mammalian and invertebrate
caspases are shown (Fig. 1C). The alignments illustrate that
DREDD includes essential residues required for catalysis
(His345, Gly346, Cys386) and stabilization of the P1 Asp
(Arg289, Gln384, Arg429, Ser435) found to be absolutely
conserved among all caspases identified thus far. In addi-
tion, the catalytic site for this enzyme (QACQE) is unique
among the caspases, bearing a glutamic acid (E) in a position
typically occupied by a glycine (G) in the consensus se-
quence for caspases (QACR/QG). The unusual residue at
the active site was confirmed by sequence analyses of
genomic templates and several different cDNA clones.
Gapped blast analysis identifies marked similarity to
caspase-8 (Mch5/FLICE/MACH) (Boldin et al., 1996;
Fernandes-Alnemri et al., 1996; Muzio et al., 1996) and
caspase 10 (Mch4) (Fernandes-Alnemri et al., 1996)
throughout the entire protein, including significant se-
quence similarities within the prodomain (shown in Fig.
1C). These similarities span regions of the prodomain in
caspase-8 and -10, referred to as death effector domains,
which are believed to mediate critical protein interac-
tions required for activation of some “initiator” caspases
(Boldin et al., 1996; Chinnaiyan et al., 1995; Inohara et
al., 1997; Muzio et al., 1996).
dredd Is a Suppressor of RPR- and GRIM-Induced
Cell Killing
To begin an analysis on the functional role of dredd in
vivo, we sought to determine whether RPR-, GRIM-, and
HID-induced cell death was sensitive to dredd gene dosage.
As single gene mutations affecting dredd are currently
unavailable, we tested Df(1)R194 (R194), a small deletion
that removes dredd, l(1)1Bi, su(s), and RpL36 (Duffy et al.,
1996), for suppression of cell killing. This was accom-
plished by using the P[GMR-rpr], P[GMR-grim], and
P[GMR-hid] strains, which selectively express each of these
activators in the developing eye disc. Ectopic death of
retinal cells resulting from expression of these transgenes is
visualized as a roughened and partially ablated eye pheno-
type (Chen et al., 1996b; Grether et al., 1995; White et al.,
1996) whose penetrance is highly sensitive to transgene
copy number and alterations of the downstream cell death
genes (Hay et al., 1995). We therefore crossed R194 to the
P[GMR-rpr], P[GMR-grim], and P[GMR-hid] strains and,
interestingly, a distinct suppression of rpr- and grim-
induced cell killing was observed in F1 R194 heterozygotes.
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Compared to P[GMR-rpr] adults wild type for dredd (Fig.
2A), P[GMR-rpr] flies heterozygous for R194 showed con-
siderably improved retinal organization (Fig. 2B). The R194
deletion also suppressed grim-induced cell killing in the eye
but no obvious influence on hid-activated cell killing was
observed. However, given the potency associated with a
single copy of the P[GMR-hid] transgene (compared to
P[GMR-rpr] or P[GMR-grim]), potential dosage affects could
be overwhelmed in this case.
To verify that the observed suppression maps to dredd,
we used germline transformation methods to generate
flies with an X-linked transgene that contains the entire
dredd locus (P[dredd1]) (see Materials and Methods).
This P[dredd1] transgene was then recombined onto the
R194 deficiency and flies with this chromosome were
also examined for suppression of P[GMR-rpr] cell killing.
As expected, the P[dredd1] transgene restored rpr-
induced cell death to the levels of severity observed in
FIG. 1. Molecular features of the dredd locus. (A) The genomic map was assembled from information in Voelker et al. (1989) together with
genomic sequences (Genbank Accession Nos. U20542, U20543, and M57889), PCR, and restriction analyses (see Materials and Methods). dredd
maps between the su(s) and l(1)1Bi genes whose limits of transcription (solid boxes) and direction are indicated (arrows). dredd transcription is
opposite to the direction of l(1)1Bi and interestingly shares a portion of the 39 UTR with dredd. Alternatively spliced dredd transcripts are
depicted below the genomic map. Exons are represented as boxed areas and potential open reading frames (ORFs) are indicated below each
transcript. Introns (I–IV) are numbered. At least two cDNA isolates for dredd-a, -b and -g were obtained. dredd-d is a composite clone based on
information from 59 RACE and Northern analyses which suggested that the a isoform represents a partial d clone. Sequences differing as a result
of alternative splice donor sites are indicated by the shaded box. R, EcoRI. (B) Predicted amino acid sequence of DREDD (GenBank Accession No.
AF007016). The deduced amino acid sequence of DREDD-d is identical to DREDD-g, except for six extra amino acids (VSRDNM) resulting from
an alternative splicing event in the second intron. The starting methionine of DREDD-a is indicated by the arrow. dredd-b might encode a
protein identical to DREDD-d up to amino acid 278 and differing in the last six amino acids (VSSLQYstop). The first methionine of a potential
downstream ORF in DREDD-b is indicated by an asterisk. The active-site pentapeptide is boxed. Putative cleavage sites between the prodomain
and large subunit (p15) are marked by open circles, while closed circles indicate putative cleavage sites between large (p15) and small (p10)
subunits (see Fig. 2C for schematic illustration). (C) DREDD shares homology with members of the caspase family. (I) Alignment of the DREDD-d
prodomain to the prodomains of caspase-8 and caspase-10. Residues in black are identical in all caspases. Blue shading denotes identities between
DREDD and one other protein or similarities between all. Residues highlighted in yellow indicate similarities between DREDD and one other
protein. DREDD-d is aligned to several human (II) or invertebrate caspases (III) beginning at amino acid position 259. Blue shading denotes
identities in at least four proteins (II) or three proteins (III). Residues highlighted in yellow indicate similarities in at least four caspases (II) or three
caspases (III). CLUSTAL W was used for these analyses.
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outcrossed wild-type flies (Fig. 2C), thus confirming that
the R194 suppression phenotype (Fig. 2B) results from
heterozygosity at the dredd locus.
Accumulation of dredd mRNA during Programmed
Cell Death
To begin an investigation on the function of dredd in
development, the embryonic patterns of dredd expression
were determined. In situ hybridization experiments with
four distinct probes from the dredd locus were used and all
gave identical results (see Materials and Methods). Earliest
dredd expression was detected in young embryos (data not
shown) prior to the onset of zygotic transcription, indicat-
ing that dredd is maternally derived (see below). Also,
throughout the early and middle stages of embryogenesis
(through stage 10/11), low ubiquitous levels of dredd ex-
pression are observed. However, during stage 11 and beyond
(Fig. 3), we observed a distinct accumulation of dredd
mRNA in spatial and temporal patterns that were strikingly
coincident with well-documented patterns of PCD in the
embryo (Abrams et al., 1993; Campos-Ortega and Harten-
stein, 1997; White et al., 1994).
Conspicuous expression of dredd coincides with the
initial appearance of dying cells (stage 11) in the subepider-
mis of the gnathal segments, the clypeolabrum, and the
caudal tip of the retracting germ band (Fig. 3A). During
stage 13, punctate dredd accumulation occurs in dying cells
distributed around the supraesophageal ganglia and in the
dorsal ridge (Fig. 3B). During stage 16, when most if not all
PCD is confined to the central nervous system, dredd
expression also occurs throughout the brain and ventral
nerve cord in patterns coincident with PCD in this tissue
(see Fig. 3D and also Fig. 5A). Accumulation of dredd in the
ventral nerve cord, at this time, occurs in cells that are
positioned at the midline and examples of asymmetric
staining are also evident. While mRNAs occurring in the
ventral nerve cord are not macrophage associated (circulat-
ing hemocytes do not enter the ventral nerve cord), hybrid-
ization signals in other tissues were clearly associated with
phagocytic macrophages (Fig. 3C).
PCD-Associated dredd Expression during
Oogenesis
During Drosophila oogenesis, nurse cells synthesize
essential cytoplasmic materials and transport these to
the developing oocyte (reviewed in Mahajan and Cooley,
1994; Spradling, 1993). Once this phase is accomplished
(stage 12) the nurse cells degenerate exhibiting apoptotic
characteristics including cellular condensation, DNA
fragmentation (Giorgi and Deri, 1976; McCall and Steller,
1998), and changes in cytochrome c (Varkey and Abrams,
unpublished observations). An attractive feature of this
system is that a stereotypical sequence of morphological
changes permits the identification of doomed cells prior
to any overt sings of apoptosis and, for this reason, dredd
was examined in developing egg chambers. A prominent
FIG. 2. Suppression of RPR-induced cell death in flies heterozygous for dredd. Scanning electron micrographs of adult fly eyes. Genotypes
are as follows: (A) 1/1: P[GMR-rpr]81A/1, P[GMR-rpr]97A/1. (B) R194/1: P[GMR-rpr]81A/1, P[GMR-rpr]97A/1. (C) R194: P[dredd1]/1,
P[GMR-rpr]81A/1, P[GMR-rpr]97A/1. (A) Control two-copy P[GMR-rpr] flies, containing a wild-type first chromosome, have noticeably
roughened eyes with many fused or small ommatidia and extra bristles. (B) This rough eye phenotype is suppressed in flies heterozygous
for R194, a small deficiency that uncovers dredd. Notice the improved retinal organization and the reduction of aberrant ommatidia. (C)
The P[dredd1] transgene restores the disorganized rough eye phenotype to R194 heterozygotes.
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signal for dredd mRNA appears at stage 10 in both nurse
cells and the developing oocyte, suggesting that at least
some dredd mRNAs are maternally supplied to the egg
(Fig. 4A). In later-staged egg chambers (12–13), dredd
persists within nurse cells and accumulates to very high
levels at a time coincident with nurse cell death (Fig. 4B).
This observation parallels results obtained in embryonic
tissue and suggests that dredd may play an apoptotic role
in the germline as well.
Accumulation of dredd mRNA Is Prevented by the
H99 Deletion
The relationship between PCD and dredd expression was
further validated by examining the distribution of dredd
mRNA in embryos homozygous for H99, a deletion that
removes the activators of apoptosis: rpr, grim, and hid. In
these mutants, programmed cell deaths do not occur even
though the identity of many, and possibly all, cell types
have been appropriately specified (Dong and Jacobs, 1997;
Grether et al., 1995; White et al., 1994; Zhou et al., 1995,
1997). As illustrated in Fig. 5B, scattered accumulation of
dredd mRNA in specific cells is completely abolished in
homozygous H99 embryos. This result validates the notion
that, in wild-type embryos, dredd transcripts accumulate
exclusively in cells that have already been specified for
PCD. Furthermore, since differentiation is not affected in
these mutants, this result also demonstrates that elevation
of dredd requires one or more genetic functions in the H99
interval.
The Apoptosis Activators rpr, grim, and hid
Trigger Accumulation of dredd mRNA
To test whether misexpression of reaper, grim, or hid
could directly provoke apoptogenic accumulation of dredd
mRNA, we individually targeted expression of the death
activators to cells that normally survive using the UAS/
GAL4 system (Brand and Perrimon, 1993). Fly strains car-
rying a P[UAS-rpr], P[UAS-grim], or P[UAS-hid] transgene
were crossed to flies carrying the P[24B-Gal4] insertion
(Brand and Perrimon, 1993) which drives GAL4 expression
in the presumptive mesoderm and subsequently in the
differentiating lateral musculature (stages 11–13). The prog-
eny resulting from these crosses exhibited excessive apo-
ptosis in the relevant tissues (data not shown) and were also
examined for dredd expression. During stage 13 and be-
yond, dredd is not widely expressed in the developing
FIG. 3. dredd mRNA accumulates in cells specified to die. (A) Lateral view of a wild-type stage 12 embryo. The earliest detectable
PCD-associated accumulation of dredd occurs during germ band retraction. (B) Dorsal view of a stage 13 wild-type embryo reveals dredd
expression in dying cells near the supraesophageal ganglia and dorsal ridge (black arrows) during dorsal closure. (C) High-magnification view
of dredd expression in the hindgut region. Persistence of the dredd transcript occurs in apoptotic corpses inside of macrophages (white
arrow). (D) Ventral view of a wild-type stage 16 embryo. Here dredd expression occurs in a subset of cells within the ventral nerve cord.
Note that both symmetric and asymmetric PCD-associated expressions are found.
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musculature (Fig. 6A). However, when misexpression of
each of the death activators is directed to these tissues,
prominent levels of ectopic dredd are subsequently de-
tected. For instance, Fig. 6B illustrates a stage 13 embryo
where considerable accumulation of dredd is found in
positions coincident with targeted misexpression of rpr.
Ectopic accumulation of dredd mRNA was also observed as
a consequence of grim and hid misexpression as shown in
Figs. 6C and 6D. In these later-staged embryos, conspicuous
macrophage-associated staining for dredd occurred in dying
cells throughout the body wall. Similar results were also
observed when misexpression of grim was directed to the
ectoderm using a different GAL4 driver, P[1-76-D] (not
shown). dredd accumulation was also examined in embryos
homozygous for crumbs (crb) where ectopic expression of
rpr throughout a disorganized epidermis is followed by
extensive cell death in this tissue (Nordstrom et al., 1996).
As anticipated, ectopic accumulation of dredd was scat-
tered throughout the ectoderm in crb embryos (Fig. 6E),
coincident with widespread patterns of rpr misexpression.
Caspase-like Processing of DREDD Occurs during
Apoptosis
Caspases are synthesized as dormant proenzymes. During
apoptosis, these precursors are proteolyzed to the mature
form through cleavage at characteristic sites that release
active subunits (Cohen, 1997; Nicholson and Thornberry,
1997; Salvesen and Dixit, 1997; Villa et al., 1997). To test
DREDD for proapoptotic activity and determine if activa-
tional processing of this putative caspase occurred during
apoptotic cell death, DREDD expression vectors were trans-
fected alone, or together with the apoptotic activators, into
SL2 cells. When the full-length or N-terminally truncated
DREDD isoforms were introduced individually, no process-
ing occurred and no affect upon basal apoptosis rates was
detected. Similar results were also obtained when pairwise
or triple combinations of DREDD transcripts were tested
(see Materials and Methods). However, when apoptosis was
independently triggered by expression of RPR, GRIM, or
HID, processing of DREDD-g, -d (Fig. 7), and -a (data not
shown) was readily observed. All C-terminal tagged ver-
sions of DREDD (DREDD-d-myc, FLAG-DREDD-d-his6,
and FLAG-DREDD-g-his6) showed a time-dependent and
specific loss of signal associated with induction of the death
activators (Figs. 7A and 7B) that was not observed with
irrelevant proteins (e.g., HA-HOOK; see Chen et al., 1996b).
As is often the case with activated caspases in vivo, the
FIG. 4. dredd mRNA is maternally loaded onto oocytes and
persists in apoptotic nurse cells. Detection of dredd distribution by
in situ hybridization in developing egg chambers. (A) During
oogenesis, dredd transcripts are detected in stage 10 (preapoptotic)
nurse cells and also in the developing oocyte. Pronounced accumu-
lation of dredd mRNA is found in dying nurse cells. (B) Dorsal view
of stage 13 egg chambers.
FIG. 5. Accumulation dredd mRNA requires genetic functions in
the H99 interval. (A) Lateral view of a wild-type stage 16 embryo.
During this time, expression of dredd occurs predominantly within
the CNS coincident with PCD patterns documented at this stage.
(B) Apoptogenic dredd mRNA accumulation is not found in H99
mutants that were scored based on a characteristic head involution
defect.
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processed small subunit (p10) was not detected using our
C-tagged proteins. We therefore produced N-terminal
tagged versions of DREDD and tested these in similar
assays. Using these N-terminal tagged versions of
DREDD, we detected processing intermediates that an-
ticipated the onset of apoptosis by at least 2 h (Fig. 7C).
These intermediates were consistent with cleavage sites
predicted by alignments to other caspases (Fig. 1C). For
instance, two products detected with an N-terminal
tagged version of DREDD (T7-DREDD-g-his) coincide
with intermediates resulting from sequential cleavage at
the boundaries of a linker region between p10 and p15
(Fig. 7C). The earliest detectable intermediate migrates at
;45 kDa and corresponds to proteolytic clipping at the
carboxyl boundary of the linker region. At later time
points, a second intermediate (43 kDa) is detected which
corresponds to cleavage at the N-terminal boundary of
the linker region and this form appears to accumulate at
the expense of the earlier 45-kDa intermediate (Fig. 7C).
As is the case with several mammalian caspases (Han et
al., 1997b; Li et al., 1997; Wang et al., 1996), low-
abundance processing intermediates indicate that
DREDD cleavage first occurs in a linker region between
the small and large subunits prior to removal of the
prodomain. Further processing of the ;43-kDa interme-
diate was implied by its disappearance at later time
points (Fig. 7, lane 2) and possibly by the appearance of
faster-migrating bands in the presence of peptide inhibi-
tors (see below).
RPR- or GRIM-induced apoptosis can be blocked by
caspase peptide inhibitors (Kondo et al., 1997; Pronk et al.,
1996) or by p35 (Chen et al., 1996b; Nordstrom et al., 1996),
yet under these conditions initial processing intermediates
of DREDD-g still appeared (Fig. 7C, lanes 7, 8, and 13).
Therefore, proteolytic cleavage of DREDD is a direct con-
sequence of signaling by death activators rather than a
secondary consequence of apoptosis. Cells treated with
caspase inhibitors accumulated DREDD proform and inter-
mediates (45 and 43 kDa) to levels that were notably higher
than in the absence of inhibitors. This elevation might
result from inhibition of proteases responsible for further
processing of intermediates. Other derivatives that specifi-
cally appeared during caspase inhibition could represent
otherwise short-lived prodomain fragments that occurred
during normal processing or atypical cleavage events caused
by sustained overexpression in the absence of apoptosis.
ectopic dredd accumulation in the musculature and other areas as
well. (C, D) Lateral views of stage 16 embryos where misexpression
of grim (C) or hid (D) similarly results in ectopic dredd accumula-
tion. There are increased numbers of dredd positive cells in the
body wall compared to comparably staged wild-type embryos (see
Fig. 5A). Also notice that signals for dredd mRNA frequently
correspond to cell corpses phagocytosed by macrophages. (E)
crumbs mutant embryos also exhibit ectopic accumulation of
dredd.
FIG. 6. Misexpression of rpr, grim, or hid is sufficient to provoke
dredd mRNA accumulation. The consequences of ectopic expres-
sion of rpr (B and E), grim (C), and hid (D) were examined by in situ
hybridizations with a dredd probe. Misexpression directed to the
mesoderm and musculature was achieved in B, C, and D, using the
UAS/GAL4 system (see Materials and Methods). (A) Ventral view
of a stage 13 wild-type embryo indicates that dredd is not widely
expressed in the mesoderm progenitors and muscle region. (B)
Shown is a similarly staged embryo in which ectopic expression of
rpr was directed to the differentiating lateral musculature. Notice
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DISCUSSION
In cell culture models and in transgenic strains expres-
sion of RPR, HID, and GRIM can independently function to
trigger caspase-mediated apoptosis (Chen et al., 1996b;
Grether et al., 1995; Nordstrom et al., 1996; Pronk et al.,
1996; White et al., 1996). These results prompted us to
search for Drosophila members of the caspase gene family
and led to our identification of the dredd locus.
Examination of dredd expression in the embryo
showed that low constitutive levels of RNA are specifi-
cally upregulated in preapoptotic cells. Evidence to sup-
port this view comes from several observations. First,
expression studies detected low ubiquitous dredd mR-
NAs early in development (prior to the onset of PCD) and
at subsequent developmental stages. This constitutive
component of dredd expression is not affected by geno-
typic parameters that influence apoptosis. However, at
the onset of PCD and during all subsequent embryonic
stages, dredd expression patterns resolved into hybridiza-
tion signals that were strikingly coincident with the
embryonic pattern of PCD (Abrams et al., 1993). This
impression is further reinforced by comparisons to the
distribution of rpr and grim mRNAs which also precede
apoptotic deaths (Chen et al., 1996b; White et al., 1994).
In each case, punctate staining is observed in character-
istic positions and regions where dying cells are found
(Chen et al., 1996b; Robinow et al., 1997; White et al.,
1994; Zhou et al., 1995). Moreover, we frequently de-
tected dredd hybridization signals localized inside many,
but not all macrophages (see Fig. 4C). This rare distribu-
tion represents signals associated with apoptotic corpses
that have been recently engulfed by active phagocytes
(Chen et al., 1996b; White et al., 1994; Zhou et al., 1995).
Accumulation of dredd mRNA was also correlated
with PCD in developing egg chambers. In addition to
maternal loading of the oocyte, dredd mRNA continued
to accumulate specifically within the dying nurse cells
themselves (well beyond stage 11; see Fig. 4B). The
hybridization signal for dredd was remarkably associated
FIG. 7. Processing of DREDD is triggered by the apoptosis acti-
vators. Epitope-tagged forms of dredd are transfected together with
rpr, grim, and hid into cultured Drosophila cells. (A) pMT-dredd-
d-myc, in which C-terminal myc-tagged DREDD-d is under the
control of the metallothionein promoter, was transiently cotrans-
fected into SL2 cells with the empty vector pRmha.3 (pMT) (lanes
1 and 2), pMT-HA-rpr (lanes 3 and 4), or pMT-grim-myc (lanes 5
and 6) at a ratio of 3/2 (see Materials and Methods). Copper was
added to induce the expression of all three proteins for 16 h, and
then the cells were harvested and analyzed by Western blot using
the anti-myc antibody. In these cultures the onset of activator-
induced apoptosis occurs after ;4–6 h, and maximal death is
observed after 16 h. The rapid disappearance of DREDD-d-myc in
RPR- or GRIM-expressing cells was not due to general loss of
protein in apoptotic cultures, since (1) equal amounts of protein
were loaded in each lane, (2) induction of GRIM-myc is readily
detected (lane 6), and (3) irrelevant proteins are not similarly
affected under the same conditions. (B) pMT-T7tag-dredd-g-His6 or
pMT-T7tag-dredd-d-His6 was transiently cotransfected with pMT
(lanes 1, 2, 7, 8, 13, and 14), pMT-HA-rpr (lanes 3, 4, 9, and 10),
pMT-grim-myc (lanes 5, 6, 11, and 12), or pMT-hid (lanes 15–18) at
a ratio of 3/2. The cells were treated with copper for 8 h, and
thereafter DREDD levels were determined. (C) pMT-T7-dredd-g-
His6 was cotransfected with pMT (lane 1), pMT-HA-rpr (lanes 2–8),
or pMT-grim-myc (lanes 9–13) at a ratio of 3/1 and treated with
copper for the indicated periods. Cells were harvested for Western
analyses using an anti-T7 tag antibody. Occurrence of processing
intermediates (bands 1 and 2) was also observed in similar experi-
ments using dredd-d (not shown). The samples in lanes 7 and 13
were also incubated with 50 mM zDEVD-fmk, whereas the sample
in lane 8 was treated with 50 mM zVAD-fmk for 8 h. When p35 was
coexpressed (instead of incubation with peptide inhibitors), band-
ing patterns identical to those seen in lanes 7, 8, and 13 were also
observed (not shown). The diagram depicts deduced origins of
cleavage intermediates. The diagram depicts potential cleavage
sites. Arrowheads indicate cleavage sites observed in SL2 cells.
Also illustrated are processing sites in bacteria [DREDD-d, -g (solid
diamond), -a, and -a-(D1-120) (open diamond)]. Shaded box indi-
cates the QACQE pentapeptide. Protein sizes are indicated.
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with dying nurse cells at a stage when their nuclei are
positive for TUNEL labeling (McCall and Steller, 1998;
Varkey and Abrams, unpublished observations). This
unusual observation raises the possibility that dredd
might play an important role in the programmed death of
nurse cells, together with Dcp-1, a caspase required for
proper oogenesis (McCall and Steller, 1998).
Perhaps the most compelling evidence for an accumula-
tion of dredd RNA in preapoptotic cells comes from our
examination of H99 mutant embryos. These embryos carry
a homozygous deletion of the entire reaper region (mutated
for rpr, hid, and grim) and, as a consequence, no pro-
grammed cell death occurs (White et al., 1994). Although
the early ubiquitous component of dredd expression ap-
pears unaffected, the selective accumulation of dredd mR-
NAs fails to occur in these mutants (see Fig. 5B). This result
is in stark contrast to many studies which document
supernumerary labeling in H99 mutants resulting from the
persistence of cells that otherwise would have died (Dong
and Jacobs, 1997; Grether et al., 1995; White et al., 1994;
Zhou et al., 1995, 1997). To our knowledge, this is the first
report of a molecular activity that is completely blocked by
the absence of H99-associated signaling. A failure to accu-
mulate dredd mRNAs in the H99 background not only
validates our interpretation of apoptogenic expression pat-
terns, but also argues for a direct epistatic relation between
functions in the H99 interval and dredd. To determine
which PCD activator(s) might be involved in this process,
we examined the consequences of ectopic rpr, grim, or hid
expression upon the distribution of dredd. Misexpression of
each was directed to ectopic mesodermal tissues and, in
every case, ectopic labeling of dredd was observed (see Fig.
6). Therefore, in the embryo, each activator can indepen-
dently signal the accumulation of dredd mRNAs.
Taken together, our expression studies demonstrate that
PCD activators in the H99 interval are both necessary and
sufficient to provoke accumulation of dredd mRNA in
preapoptotic cells. This deduction raises important mecha-
nistic questions regarding how dredd levels are regulated
and how the activities of RPR, GRIM, and HID function in
this process. The PCD activators might influence either the
stability or the synthesis of dredd mRNAs in cells that are
specified to die. Since several transcripts are generated, we
also considered the possibility that apoptotic signaling
might exert effects upon only certain splice variants. How-
ever, comparable levels of transcripts for dredd-d and
dredd-b derived from wild-type and H99 RNA samples
provided no evidence for differential transcript regulation
(unpublished observations). Still, we cannot entirely ex-
clude the possibility of differential control exerted on
specific splice variants for at least two reasons. First, the
dredd-g isoform was not detected in these experiments.
Second, since elevation of dredd mRNA is superimposed
upon a ubiquitous distribution, it may prove difficult to
determine if certain transcripts are preferentially affected
when bulk RNAs are sampled. It therefore remains possible
that certain transcript variants are regulated by apoptotic
signaling in ways that have yet to be uncovered.
The above studies indicate that dredd is an important
effector of the death activators. We therefore sought to test
its functional role during apoptosis by genetic tests. A
reduction of dredd gene dosage caused a distinctive sup-
pression of rpr- or grim-induced cell death, suggesting that
signals propagated by these activators are sensitive to levels
of dredd activity. Thus, dredd encodes a functional effector
of the cell death pathway in Drosophila. Although modu-
lation of hid killing was not observed, a functional role for
dredd downstream of this activator remains inconclusive
because severe phenotypes associated with P[GMR-hid]
(unlike P[GMR-rpr] or P[GMR-grim]) could overwhelm po-
tential dosage affects. Attempts to examine homozygous
R194 embryos for loss-of-function phenotypes associated
with dredd were confounded by severe developmental and
morphologic defects related to neighboring genes (A. Rodri-
guez, P. Chen, and J. Abrams, unpublished observations).
Therefore, a determination of the precise role of dredd in
apoptosis will require the production of single-gene muta-
tions at this locus (in progress).
Based on sequence alignment analyses, dredd is clearly a
member of the caspase gene family. Comparisons between
dredd and other caspases suggest several notable features.
First, DREDD includes essential residues required for ca-
talysis (His345, Gly346, Cys386) and stabilization of the P1
Asp (Arg289, Gln384, Arg429, Ser435) found to be abso-
lutely conserved among all caspases identified thus far.
Second, dredd has a long prodomain which contains signifi-
cant sequence similarity to mammalian counterparts
(caspase-8/FLICE/Mch5/MACH and caspase-10/Mch4) and
this homology (Fig. 1C) spans a region that is believed to
promote homotypic interactions which establish a regula-
tory interface between death signals and caspase function
(Cohen, 1997; Goltsev et al., 1997; Han et al., 1997a;
Inohara et al., 1997; Irmler et al., 1997; Shu et al., 1997;
Thome et al., 1997). By analogy to other Group III caspases
(Nicholson and Thornberry, 1997), dredd may thus have
similar functions possibly related to the activation of other
Drosophila caspases such as Dcp-1 (Song et al., 1997) and
drICE (Fraser and Evan, 1997) which have relatively short
prodomains. A third notable feature is that the sequence
surrounding the catalytic cysteine of DREDD does not
perfectly conform to the established consensus sequence
(QACR/QG). Unlike all caspases described so far, DREDD
bears a glutamic acid residue (QACQE) at a position that is
normally occupied by glycine. Although the precise conse-
quences of a charged, acidic residue at this position remain
to be determined, it seems possible that this difference
could impart novel specificity to the enzyme. In prelimi-
nary tests, we have examined bacterial lysates expressing
DREDD-d, -g, -a, and -a(D1-120) for proteolytic activity
against common caspase substrates and, thus far, no signifi-
cant activity was detected. These results might reflect a
preference for novel substrates that remain yet to be iden-
tified and/or a requirement for accessory factors. Alterna-
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tively, this outcome could be attributable to incomplete
maturation of the enzyme in bacteria.
When introduced into L2 cells, DREDD (full-length or an
N-terminal truncation that removes the presumed prodo-
main) did not induce apoptosis, nor was processing of this
protein observed. However, when introduced together with
the apoptotic activators, DREDD processing was readily
detected at least 2 h prior to overt signs of apoptosis (Fig. 2)
(Chen et al., 1996a,b; Nordstrom et al., 1996). The observed
in vivo processing sites map to the p15/p10 junction and are
consistent with predicted cleavage positions (based on
alignments to other caspases) and suggest a processing order
that agrees with processing reported for caspase-2 (Li et al.,
1997) and caspase-3 (Han et al., 1997b).
Despite the fact that classical caspase inhibitors and p35
completely prevented activator-induced apoptosis (Chen et
al., 1996b; Nordstrom et al., 1996), the initial cleavage of
DREDD at the p15/p10 junction was not prevented by these
agents. We can therefore exclude the possibility that pro-
cessing of DREDD induced by RPR, GRIM, and HID is
simply a consequence of apoptosis in these cultures. In-
stead, our data establish that signaling by these activators
initiates processing of DREDD through proteolytic compo-
nents that are insensitive to p35 and anti-caspase peptides.
Since these inhibitors effectively blocked activator-induced
apoptosis, these data raise the possibility that the initial
step in the processing of DREDD may occur through
proteolytic activities that are upstream of caspase action,
suggesting that DREDD could function as an apical or
initiator caspase. These data also imply that the initial
processing of DREDD is mediated either by another type of
protease or by a caspase that is insensitive to classical
caspase inhibitors. It is also important to note here that
while the caspase inhibitors did not block the initial cleav-
age of DREDD, these inhibitors may have profoundly
blocked subsequent processing steps, but our detection
system did not permit us to directly visualize these later
cleavage events.
Activational processing is generally considered to be the
predominant level at which caspase function is regulated
(Cohen, 1997; Nicholson and Thornberry, 1997; Salvesen
and Dixit, 1997). Under normal situations, mammalian
caspase transcripts described to date are ubiquitously dis-
tributed in many, if not all, cell types (Wang et al., 1994,
1996). Similarly, constitutive embryonic expression was
also reported for the two other Drosophila caspases, Dcp-1
and drICE (Fraser et al., 1997; Song et al., 1997). In contrast,
pronounced elevation of dredd transcripts occurred in nor-
mal development and this unique regulation is tightly
linked to apoptotic signaling by RPR, GRIM, and HID.
Since, overexpression of many caspases is sufficient to elicit
apoptosis (Kumar et al., 1994; Miura et al., 1993; Wang et
al., 1994, 1996), the accumulation of dredd in cells specified
for death raises intriguing possibilities. For instance, if
signaling by RPR, GRIM, and HID also engages DREDD at
a more direct level of activational processing (see Fig. 3),
then these activators could propagate a feed-forward ampli-
fication loop of caspase activity (see Fig. 8). If such activity
ultimately exceeds a hypothetical threshold, the capacity of
negative regulators, such as IAPs (Deveraux et al., 1997;
Hay et al., 1995; Vucic et al., 1997), may be overwhelmed
and cell death might ensue. This scenario may have rel-
evance in models of pathophysiology where pronounced
induction of some caspase transcripts is observed during
inflammation (Wang et al., 1996) or ischemia (Kinoshita et
al., 1997).
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